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INTRODUCTION 


Multimission aircraft capable of operating over a broad range of Mach numbers, 
altitudes, and angles of attack have been emphasized in recent years. These multi- 
mission aircraft typically require a variable geometry nozzle to provide high nozzle 
internal (thrust) performance over the range of operating Mach numbers and nozzle 
pressure ratios. The next generation of fighter aircraft may require the ability to 
land on short or bomb damaged runways, which will probably mean adding thrust- 
reversing capability to the aircraft design. Considerable research has been con- 
ducted on both axi symmetric and nonaxi symmetric nozzle configurations with thrust- 
reversing capability (see refs. 1 and 2). If a downstream (from nozzle throat) 
reverser concept is used, where nozzle divergent flaps are used as flow diverters 
(ref. 2), special consideration must be given to the mechanization of the nozzle/ 
reverser combination and its impact on nozzle geometry at flight conditions other 
than landing- The use of a light-weight downstream reverser concept in intermediate 
and maximum afterburning forward -flight modes may result in the slotting (ventila- 
tion) of the nozzle divergent flaps. 

Since the ventilation effects of the divergent flaps on axisymmetric nozzle 
performance were unknown, except for the work reported in reference 3, an investi- 
gation was conducted in the Langley 16-Foot Transonic Tunnel and in the static-test 
facility of that tunnel to determine these effects. Tests were conducted at 0® angle 
of attack at static conditions and at free-stream Mach numbers from 0.6 to 1.2. The 
ratio of jet total pressure to free-stream static pressure (nozzle pressure ratio) 
was varied from 1.0 (jet off) to approximately 14.0 depending upon Mach number. 


“e 

^ax 

^seal 


^f ,cb 


n 


max 


■A,bal 


A, mom 


SYMBOLS 

nozzle exit area, cm"^ 

maximum cross-sectional area of model, 182.415 cm^ 
internal-cavity cross-sectional area of model, cm^ 

p 

nozzle geometric throat area, cm** 
friction drag on model centerbody, N 
nozzle drag, N 

maximum model diameter, 15.24 cm 
nozzle gross thrust, N 

axial force measured by balance (positive forward) , N 
momentum tare axial force due to bellows, N 



ideal isentropic gross thrust, N 
1 nozzle divergent flap length, cm 

M free- stream Mach number 

p local static pressure. Pa 

p^ ambient pressure. Pa 

p^g external static pressure at metric break. Pa 

internal static pressure. Pa 
p. . jet total pressure. Pa 

p free-stream static pressure. Pa 

X axial distance from nozzle throat (positive downstream) , cm 

(p meridian angle about model axis (positive for clockwise direction when 

facing upstream) , 0° at top of model, deg 

Abbreviations: 


B 

baseline 

Sta. 

station 

STF 

static-test facility 

V 

ventilated 

16TT 

16-Foot Transonic Tunnel 


APPARATUS AND METHODS 
Test Facilities 

This experimental investigation was conducted in the Langley 16-Foot Transonic 
Tunnel and in the static-test facility of that tunnel. The 16-Foot Transonic Tunnel 
(16TT) is a single-return, atmospheric tunnel with a slotted, octagonal test section 
and continuous air exchange. The tunnel has a Mach number range capability from 
M = 0.20 to M = 1.30. A complete description of the 16-Foot Transonic Tunnel can 
be found in reference 4. Testing in the static- test facility is done in a room with 
a high ceiling where the jet exhausts to the atmosphere through a large open 
doorway. The control room is remotely located from the test area. This facility 
utilizes the same clean, dry-air supply as that used in the 16-Foot Transonic Tunnel 
and a similar air-control system, including valving, filters, and a heat exchanger 
(to operate the jet flow at constant stagnation temperature). Photographs of model 
installations in the 16TT and the static-test facility are shown in figures 1(a) 
and 1(b) . 
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Single-Engine Propulsion Simulation System 


A sketch of the single-engine air-powered nacelle model on which various nozzles 
were mounted is presented in figure 2 with a typical nozzle configuration attached. 

An external high-pressure air system provided a continuous flow of clean, dry air at 
a controlled temperature of about 300 K. This high-pressure air was varied up to 
approximately 14 atm (1 atm = 101.3 kPa) and was brought through the support strut by 
six tubes which connect to a high-pressure plenvim chamber. As shown in figure 2, the 
air was then discharged perpendicularly into the model low-pressure plenum through 
eight raultiholed sonic nozzles equally traced around the high-pressure plenum. This 
method was designed to minimize any forces imposed by the transfer of axial momentum 
as the air is passed from the nonmetric (not mounted on the force balance) high- 
pressure pie mam to the metric low-pressure plenum. Two flexible metal bellows are 
used as seals and serve to compensate for axial forces caused by pressurization. The 
air was then passed from the model low-pressure plenum through a transition section, 
choke plate, and instarumentation section which were common for all nozzles investi- 
gated. All nozzle configurations were attached to the instrumentation section at 
model station 127.00. 


Nozzle Design 

The baseline nozzle configuration simulated a variable-geometry, balanced-beam, 
convergent-divergent conical nozzle typical of those currently in use on modern 
fighter aircraft, but designed with a higher expansion- ratio capability and with 
longer divergent-flap lengths. The nozzle throat area of all nozzles tested repre- 
sented maximum nonaugmented (dry power) nozzle operation. Sketches of the three 
baseline configurations are shown in figures 3(a), 3(b), and 3(c). Nozzle config- 
urations B-1.22 (baseline nozzle, A^/A^ = 1.22) and B-2.24 (figs. 3(a) and 3(b), 
respectively) were previously tested and the results are reported in reference 5 as 
configurations D-1.22-L and D-2.24-L, respectively. The intermediate-expansion-ratio 
baseline nozzle B-1.91 (fig. 3(c)) was made by simply removing the shroud from con- 
figuration B-2.24, thereby reducing the divergent-flap length and nozzle expansion 
ratio. Note, however, that this configuration and the corresponding ventilated con- 
figuration (V-1.91) were only tested at static conditions as the external geometries 
were not realistic for wind-on tests. 

The ventilated nozzle configurations shown in figures 3(d), 3(e), and 3(f) and 
in figures 1(c) and 1(d) were designed to simulate an axisymmetric nozzle incorporat- 
ing a three-door thrust-reverser concept (ref. 2). In the dry-power, subsonic (low 
A^/A^), forward-flight mode, the axisymmetric thrust-reverser geometry is that of a 
typical convergent-divergent nozzle (baseline nozzle). However, as expansion ratio 
(A^/A^) is increased to allow fully expanded flow at higher Mach numbers, V-shaped 
slots appear as the divergent flaps are actuated (see figs. 1(d), 3(e), and 3(f)). 

The changing of the throat area to the maximum afterburning mode results in trape- 
zoidal shaped slots similar to those shown in figures 1(c) and 3(d). Since exist- 
ing nozzle hardware was used, an exact simulation of the geometry for the actual 
axisymmetric thrust-reverser nozzle concept (throat area, expansion ratio, flap 
length, etc.) was not possible. Hence, the determination of nozzle performance 
increments between baseline and slotted nozzles was the primary objective of the 
investigation. It should be noted that the slot dimensions presented in fig- 
ures 3(d), 3(e), and 3(f) represent nominal values. 
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Instrumentation 


A three- component strain-gage balance was used to measure forces and moments on 
the model downstream of station 67.31 (see fig. 2). Jet total pressure was measured 
at a fixed station in the instrumentation section by means of a five-probe rake and a 
single probe (not shown). A thermocouple, also located in the instrumentation sec- 
tion, was used to measure jet total temperature. The total pressure and temperature 
of the air in the high-pressure plenum were measured before the airflow was dis- 
charged through the eight sonic nozzles into the centerbody. These measurements were 
used in calculating the nozzle mass flow rate as explained in reference 6. 

Internal pressures were measured in the forebody cavity at two orifice loca- 
tions. Pressure in the metric gap (Sta. 67.31) was measured at four orifice loca- 
tions in the forebody gap base. The ventilated nozzle configurations contained 
internal nozzle static-pressure orifices. These orifices were arranged in two rows 
on the nozzle divergent flaps with one row (row 1) located halfway between the slots 
and the other row (row 2) located parallel with and 0.635 cm from the slot edge. 
Locations of these orifices are given in figures 3(d), 3(e), and 3(f). The base- 
line nozzle configurations did not contain internal nozzle sta tic -pres sure 
instrumentation. 


Tests 

Data were obtained in the sta tic- test facility at static conditions (M = 0) , and 
in the Langley 16-Foot Transonic Tunnel at static conditions and at Mach nixmbers from 
0.60 to 1.20. Angle of attack was held constant at 0° during the investigation. The 
ratio of jet total pressure to free-stream static pressure (or p^ at M = 0) was 
varied from 1.0 (jet off) to approximately 14.0 depending on Mach number. To insure 
a turbulent boundary layer over the external nozzle surfaces, a 0.38-cm-wide 
transition strip of No. 100 carborundum grit was fixed 5.72 cm downstream of the 
model nose for all wind-on tests. 


Data Reduction 

All data were recorded simultaneously on magnetic tape. At each test point, 

50 frames of data were recorded at a rate of 10 frames per second. The samples were 
averaged, and the averaged values were used for computations. At wind-on conditions, 
thrust-minus-nozzle drag was obtained from the five -component balance and computed 
from the following equation: 


F - 


^ ^ + 

n A,bal 


(p - p )(A - A ) + (p. - p )A T - + D_ , 

es “ max seal i « seal A, mom f,cb 


( 1 ) 


Included in the balance term F^ are internal and external axial forces on the 

metric centerbody and nozzle, including thrust, nozzle drag (friction and pressure), 
centerbody friction drag (pressure drag equal to zero since the centerbody has no 
projected area) , axial force resulting from a pressure-area term acting at the metric 
break, and bellows momentum tares. The second and third terms of equation (1) cor- 
rect the balance measurement for pressure-area forces acting at the metric break. 
These terms arise from the fact that the model is a partially metric, afterbody pro- 
pulsion model. These terms would not exist for typical aerodynamic studies of com- 
pletely metric (no metric break) models. The fourth term of equation (1) corrects 
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the balance measurement for bellows momentum tares. Although the bellows arrange- 
ment was designed to minimize pressure and momentum interactions with the balance, 
small bellows tares on axial force still exist. These tares result from a small 
pressure difference between the ends of the bellows when internal velocities are 
high and also from small differences in the forward and aft bellows spring constants 
when the bellows are pressurized. Bellows tares were determined by testing cali- 
bration nozzles with known performances; more detailed discussion of this procedure 
is contained in references 6 and 7. The last term of equation (1) removes the 
friction drag of the cylindrical centerbody (Sta. 67.31 to Sta. 137.16) from the 
balance measurement. Friction drag of the centerbody was removed from all perfor- 
mance parameters since this part of the model is not actually part of the nozzle 
design. Friction drag was calculated using the Frankl and Voishel equation for 
compressible, turbulent flow on a flat plate as given in reference 8. At static 
(M = 0) conditions, the second, third, and last terms drop out and F^ includes 

only internal axial forces on nozzle (thrust) and bellows momentum tares. 

The basic performance parameter used in evaluating static internal perfor- 
mance is the ratio of measured thrust to the ideal isentropic thrust F/F^^. At 
wind-on conditions, the thrust-minus-drag ratio (F - D^)/Fj^ is used in evaluating 
performance. 


RESULTS AND DISCUSSION 
Internal Static-Pressure Distributions 

Internal static-pressure data for the three ventilated (slotted) nozzles are 
presented in figures 4 to 6 at M = 0. Part (a) of each figure presents data for 
the center-line row (row 1) of static-pressure orifices and part (b) of each figure 
presents data for the static-pressure orifices parallel to the slot edge (row 2). 
Since the baseline nozzles had no internal static-pressure instrumentation, a two- 
dimensional, inviscid, time-dependent computer code called NAP (ref. 9) was used to 
compute the internal pressure distribution at fully-expanded-f low conditions (com- 
putation at design nozzle pressure ratios, 4.0, 9.8, and 13.0 for B-1.22, B-1.91, 
and B-2.24, respectively) for each baseline nozzle. These analytical results are 
included in part (a) of figures 4 to 6 and were used as a basis for comparison of 
baseline and ventilated (or slotted) pressure distributions. 

As a result of the large nozzle throat areas tested, a limited nozzle pres- 
sure ratio capability existed (maximum p. ^/p_ ==7.0 at M = 0) . Because of 

^ / J ^ 

model balance and airflow system restrictions, it was not possible to test the 
A^/A^ = 1.91 and “ 2.24 configurations at or above their design nozzle 

pressure ratios (9.8 and 13.0, respectively) at static conditions. Thus, a large 
portion of the internal pressure data were obtained during overexpanded nozzle opera- 
tion and indicate large regions of exhaust-flow separation from the nozzle divergent 
flaps. Comparisons of row 1 and row 2 pressure data (parts (a) and (b), respec- 
tively, of figs. 4 to 6) indicate that the regions of separation generally became 
more extensive near the slot, as expected. This observation is similar to those made 
in references 10 and 11 concerning nonaxi symmetric nozzle sidewall cutback and the 
increased exhaust- flow separation from the divergent flaps near the sidewall region. 

Comparison of ventilated nozzle pressure distributions for configuration V-1.22 
(fig. 4(a)) with the NAP computation (assumed to be representative of the nonventi- 
lated or baseline configuration B-1.22 operating fully expanded) indicates that ven- 
tilating the nozzle divergent flaps significantly reduced static pressures through- 
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out the nozzle when the nozzle is operating near design or underexpanded 
(p^ j/Pa ^ 4.0). This reduction in static pressure is similar to the effect 
observed when the nozzle expansion ratio ^©^^t increased. A similar trend 

is not indicated by the static-pressure distributions of the high- and intermediate- 
expansion- ratio nozzles found in figures 5(a) and 6(a), respectively. In fact, the 
unseparated ventilated nozzle data (e.g. , p^^j/Poo = 7.0) and the fully expanded 
baseline NAP code data agree very well. It can only be assxamed that the large 
trapezoidal ventilation slots (of configuration V-1.22) which began just aft of the 
nozzle throat, resulted in a large portion of the exhaust flow being expanded through 
the slots, particularly during underexpanded nozzle operation. The effects of venti- 
lation are not all adverse as will be seen in the discussion of static and wind-on 
nozzle performance. 


Static Internal Performance 

Since the present investigation was conducted in both the 16-Foot Transonic Wind 
Tunnel and the static-test facility of that tunnel, and two of the baseline nozzles 
were tested in an earlier investigation (ref. 5), some indication of data repeat- 
ability seemed warranted. Figure 7 presents a comparison of static (M = 0) thrust 
ratios for the baseline nozzles of the present investigation with the same nozzle 
configurations as reported in reference 5. As can be seen, repeatability was gener- 
ally within 0.5 percent. In addition, the ventilated nozzle configurations V-1.22 
and V-2.24 were tested in both the static-test facility and the 16-Foot Transonic 
Tunnel at static conditions. These data are shown in figures 8(a) and 8(b) and again 
repeatability was generally within 0.5 percent. This repeatability allows direct 
comparison of data from both facilities of the present investigation with data of the 
previous investigation (ref. 5). 

Comparisons of baseline and ventilated nozzle internal performance are presented 
in figure 8. As seen in figure 8(a), ventilation had an extremely large effect on 
performance for the low-expansion-ratio nozzle. For nozzle pressure ratios less than 

3.0 the slotted nozzle provided the best performance. Above p. -/p^ = 3.0, the 

• J ^ 

baselxne nozzle was significantly better. The more important observation, however, 

is the general nature of the curves. The baseline nozzle internal performance is 
typical of a convergent-divergent nozzle with peak performance being obtained near 
the design nozzle pressure ratio of 4.0. The ventilated nozzle performance is more 
typical of a convergent nozzle or extremely low-expansion-ratio (A^/A^ < 1.04) 
nozzle, with peak performance occurring between a nozzle pressure ratio of 2.0 
and 2.5. Unfortunately, this trend seems to be in direct conflict with the pres- 
sure distribution data (see fig. 4(a)), which indicates an increased expansion on the 
divergent flaps at nozzle pressure ratios greater than 3.0 for this configuration. 
However, as stated previously, the extremely large trapezoidal slots may have 
resulted in a large portion of the nozzle exhaust flow being expanded through the 
slots (less efficiently). In addition to the losses, at p. ^/p- > 3.0 it can be 

t ^ j ci 

seen in figure 8(a) that there is a net loss in peak performance of approximately 
0.5 percent for the ventilated nozzle. 

Thrust ratio comparisons of the high- and intermediate-expansion-ratio baseline 
and ventilated nozzles (figs. 8(b) and 8(c)) also show significant improvements in 
overexpanded nozzle performance. The reduction in overexpansion losses is thought to 
be at least partially due to the ability of the slots to relieve some of the adverse 
effects of the separated exhaust flow on the internal surface (divergent flaps) . 

Since design nozzle pressure ratios could not be reached at static (M = 0) condi- 


6 



tions/ it is not known what effects, if any, ventilation has on underexpanded and 
peak nozzle performance of these two nozzles* 


Wind-On Nozzle Performance 

Variation of thrust-minus-drag ratio with nozzle pressure ratio at several test 
Mach nvimbers is presented in figure 9 for both the low- and high-expansion-ratio 
nozzles (figs. 9(a) and 9(b), respectively). Comparisons of the baseline and venti- 
lated nozzles are made. The baseline nozzle data were obtained in a previous inves- 
tigation and are reported in reference 5. 

In general, internal static pressure at a given nozzle pressure ratio decreased 
as Mach number increased. As a result, peak internal performance of these nozzles 
occurred at increasingly higher nozzle pressure ratios as Mach number increased. In 
addition, at a given value of p^ j/Poo <^^^9 becomes a higher percentage of 
(F - as M increases, thus it requires a higher nozzle pressure ratio to 

reach the same level of (F - thrust-minus -drag ratios shown in figure 9 

indicate that for the baseline nozzle, peak performance generally decreased as Mach 
number increased. This is a direct result of increased boattail drag with increasing 
Mach number, as reported in reference 5. This observation is most evident with the 
low-expansion-ratio (high nozzle boattail angle) nozzle data (fig. 9(a)). Examina- 
tion of the ventilated nozzle data indicates that the level of peak performance did 
not necessarily decrease with increasing M. In fact, for configuration V-1.22, the 
highest thrust-minus- drag performance occurred at M = 0.8. Trends of the V-2.24 
data (fig. 9(b)) indicate that peak thmast-minus-drag performance would either remain 
the same or increase as Mach number increases (even though peak performance was only 
attained at M = 0.95 and 1.2). 

Comparison of baseline and ventilated nozzle configurations indicates trends 
similar to the static results. Thrust-minus-drag ratio for the ventilated nozzles 
was higher at the lower nozzle pressure ratios and lower at the higher nozzle pres- 
sure ratios when compared with the baseline nozzles. It is also evident that the 
ventilated nozzles have a peak wind-on performance level which is generally lower 
than the baseline nozzles. The performance increments between baseline and venti- 
lated nozzles were, in general, snaller at M = 1.2. 


CONCLUSIONS 

An investigation has been conducted in the Ijangley 16-Foot Transonic Tunnel and 
in the static-test facility of that tunnel to determine the effects of divergent flap 
ventilation of an axisymmetric nozzle on nozzle internal (static) and wind-on per- 
formance. Tests were conducted at 0° angle of attack at static conditions and at 
Mach numbers from 0.6 to 1.2. Ratios of jet total pressure to free-stream static 
pressure were varied from 1.0 (jet off) to approximately 14.0 depending on Mach 
nxamber. Results of the investigation indicate the following conclusions: 

1 . Ventilation of the nozzles increased the amount of flow separation on the 
internal divergent flap. 

2. Nozzle divergent-flap ventilation acted to reduce peak internal and thrust- 
minus-drag performance. 


3. Ventilation generally provided large performance benefits at overexpanded 
conditions and performance reductions at underexpanded conditions when compared to 
the baseline nozzles. Performance improvements at nozzle pressure ratios below 
design pressure ratios (overexpanded) are believed to result from the ability of the 
slot to relieve some of the adverse effects of the separated exhaust flow on the 
internal surface. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
April 13, 1982 
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(a) Langley 16-Foot Transonic Tunnel installation 


Figure 1 •- Photographs of models and installations in test facilities 
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(d) Ventilated low-expansion-ratio = 1.22) nozzle; configuration V- 
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Figure 3.- Continued. 

















( b ) Row 2 • 

Figure 4.- Concluded, 
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Row 1 



(a) Row 1. 

Figure 5.- Nozzle internal static-pressure distributions for nozzle 
configuration V-2.24 at static conditions. 
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(b) Row 2. 

Figure 5.- Concluded. 
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( a ) Row 1 . 


Figure 6-- Nozzle internal static-pressure distributions for nozzle 
configuration V-1.91 at static conditions. 
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(b) Row 2. 


Figure 6.- Concluded. 
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O Present study 

□ References (Configuration D- 1.22- L) 
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(a) Baseline nozzle configuration B-1.22. 

Figure 7*- Comparison of static thrust ratios for present study with 

previous investigation (ref. 5). 
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O Present study 

□ Reference 5 (Configuration D-2.24-L). 





(b) Baseline nozzle conf iguration B-2.24* 
Figure 7*- Concluded. 
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(a) Low-expansion-ratio nozzle = 1.22). 

Figure 8.- Variation of thrust ratio at static conditions. 
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Nozzle 


O Baseline (design p. ./p =13.0) 
□ Ventilated (STF) 




(b) High-expansion-ratio nozzle = 2.24). 

Figure 8 Continued. 
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(a) liow-expansion-ratio nozzle (A^/A^ = 1.22). 

Figure 9.- Variation of thrust-minus- drag ratio with jet total pressure 

ratio at several test Mach nxjinbers. 
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(b) High-expansion-ratio nozzle (A^/A^ = 2.24). 


Figure 9.- Concluded. 
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